ABSTRACT A large proportion of eukaryotic genomes is transcribed from both positive and negative strands of DNA and thus may generate overlapping sense and antisense transcripts. Some of these so-called natural antisense transcripts (NATs) are possibly co-regulated. When the overlapping sense and antisense transcripts are expressed at the same time in the same cell in response to various developmental and environmental cues; they may form double-stranded RNAs, which could be recognized by the small RNA biogenesis machinery and processed into small interfering RNAs (siRNAs). cis-NAT-derived siRNAs (nat-siRNAs) are present in plants, animals, and fungi. In plants, the presence of nat-siRNAs is supported not only by Northern blot and genetic analyses, but also by the fact that there is an overall sixfold enrichment of siRNAs in the overlapping regions of cis-NATs and 19%-29% of the siRNA-generating cis-NATs in plants give rise to siRNAs only in their overlapping regions. Silencing mediated by nat-siRNAs is one of the mechanisms for regulating the expression of the cis-NATs. This review focuses on challenging issues related to the biogenesis mechanisms as well as regulation and detection of nat-siRNAs. The advantages and limitations of new technologies for detecting cis-NATs, including direct RNA sequencing and strand-specific RNA sequencing, are also discussed.
of nat-siRNAs and their potential regulatory functions in response to stress or developmental cues.
CIS-NATS ARE WIDESPREAD IN EuKARYoTES
Genome sequencing and annotation suggest that up to 22%-26% of human genes, 22%-29% of mouse genes, 15%-17% of fly genes, 0.5%-2.8% of worm genes, 9% of Arabidopsis genes, 11% of yeast genes, and 12% of Plasmodium falciparum genes are overlapping and can potentially generate cis-NATs (Gunasekera et al., 2004; Steigele and Nieselt, 2005; Lapidot and Pilpel, 2006; Zhang et al., 2006 Zhang et al., , 2012 . Recently, NATs were identified from 69 plant species and a plant natural antisense transcripts database (PlantNATsDB) was developed . NATs can regulate gene expression at the transcriptional or posttranscriptional level through distinct mechanisms. The mechanisms include the following. (1) Transcriptional interference blocks the association of RNA polymerase complex to the antisense strand (Prescott and Proudfoot, 2002; Crampton et al., 2006; Hobson et al., 2012) . (2) RNA masking blocks the sense transcript from proteins involved in mRNA processing (splicing, modification, transportation, and translation) and microRNA (miRNA) binding and degradation (Hastings et al., 1997; Kumar and Carmichael, 1997; Tufarelli et al., 2003; Prasanth et al., 2005; Ebralidze et al., 2008; Faghihi et al., 2010; Morrissy et al., 2011) . (3) Double-stranded RNA (dsRNA) from the pairing of sense and antisense transcripts activates protein kinase R, which phosphorylates several substrates, including eukaryotic initiation factor 2, resulting in translational inhibition; it also influences the activity of certain transcription factors ). (4) Small RNAs (sRNAs), processed from dsRNA produced by the pairing of sense-antisense transcripts, induce silencing of the NATs (Borsani et al., 2005) . Thus, cis-NATs not only are widely present in eukaryotes, but also can be co-regulated through various mechanisms. Our discussion is focused on sRNA biogenesis from cis-NATs, an interesting regulatory pathway that remains to be elucidated.
oCCuRRENCE oF NAT-SIRNAS IN PLANTS, ANIMALS, AND FuNGI
There are two major categories of sRNAs: miRNAs and siRNAs. miRNAs are processed from hairpin-structured precursors transcribed by RNA polymerase II. The biogenesis of miRNAs does not require any RNA-dependent RNA polymerases (RDR) or other RNA polymerases. siRNAs are processed from dsRNA precursors generated from antisense transcription by RNA polymerase II, and/or generated by the action of plant-specific RNA polymerase IV or V or RDRs Wierzbicki et al., 2008; Mosher et al., 2009) . These dsRNAs are processed into 20-30 nucleotide (nt) sRNAs by RNase III-type ribonuclease enzymes, Dicer, or Dicer-like proteins (DCL). Both miRNAs and siRNAs are loaded into Argonaute (AGO) proteins to guide silencing of their target transcripts (Jones-Rhoades et al., 2006; Mallory and Vaucheret, 2010; Molnar et al., 2011) . nat-siRNA-mediated silencing is initiated by the formation of dsRNAs from the base-pairing of sense-antisense transcripts (Chapman and Carrington, 2007) . Studies in different species have indicated that nat-siRNAs appear in multiple eukaryotic kingdoms. nat-siRNAs were first identified in plants in a study of a salt stress-regulated NATs pair in Arabidopsis-deltapyrroline-5-carboxylate dehydrogenase gene (P5CDH) and Similar to Radicle Induced Cell Death One 5 gene (SRO5) (Borsani et al., 2005) . The SRO5 transcript is induced by salt stress and its 3' region may form dsRNA with the constitutively expressed P5CDH transcript. The dsRNAs are then processed by DCLs into siRNAs, namely nat-siRNASRO5, which may be amplified by the plant-specific RNA polymerase IV (Pol IV) and RDR6. nat-siRNASRO5 was proposed to direct the cleavage of P5CDH transcripts, thereby reducing proline degradation and increasing salinity tolerance. A bacterial infection-induced nat-siRNA, nat-siRNAATGB2, was also identified in Arabidopsis (Katiyar-Agarwal et al., 2006) . The ATGB2 transcript from a GTP binding protein gene specifically induced by the infection of a bacterium Pseudomonas syringae DC3000 strain carrying an effector gene avrRpt2 may base pair with a constitutively expressed antisense transcript encoding the Pentatrico Peptide Repeat-Like protein (PPRL). The dsRNA is processed into nat-siRNAATGB2 by DCL1. Biogenesis of nat-siRNAATGB2 is also dependent on RDR6, SGS3, and NRPD1 (the largest subunit of Pol IV). The nat-siRNA was proposed to direct the down-regulation of PPRL, a negative regulator of the RPS2-mediated resistance pathway, and thereby contributing to effector-triggered host immunity (Katiyar-Agarwal et al., 2006) . nat-siRNAs may also regulate plant development. ARIADNE14 (ARI14) is a putative ubiquitin E3 ligase and the overexpression of ARI14 in sperm impairs fertilization of plant. The pairing of sense transcript KOKOPELLI (KPL) and antisense transcript ARI14 would give rise to natsiRNAs in the Arabidopsis pollen to restrict the expression of ARI14 (Ron et al., 2010) . The absence of KPL increases the accumulation of ARI14 transcript and thereby impairs plant fertilization. Mutations in the sRNA pathway proteins DCL1, HEN1, HYL1, RDR2, SGS3, and NRPD1 de-repress the expression of ARI14, further supporting the functions of nat-siRNAs in ARI14 regulation (Ron et al., 2010) . The natsiRNAs generated from the overlapping region of the sense and antisense transcripts of the Shooting (SHO) gene locus in petunia × hybrida can be detected in all tissues except roots, allowing the SHO gene to direct cytokinin synthesis in the correct root locations (Zubko and Meyer, 2007) . These two examples suggest that nat-siRNAs play important roles in gene regulation during plant development. Moreover, some nat-siRNAs can be specifically cloned from the reproductive organ of plants, further suggesting that nat-siRNA may contribute to plant development and reproduction (Chen et al., 2010) . Furthermore, genome-wide studies of nat-siRNAs in Arabidopsis and rice support the existence of nat-siRNAs as well as nat-siRNA-mediated regulation of NAT genes in response to environmental cues (Jin et al., 2008; Zhou et al., 2009; Zhang et al., 2012) .
nat-siRNAs have also been found in other eukaryotic organisms including Drosophila, mouse, human, worm, and yeast. In Drosophila, cis-NAT transcripts are 10 times more likely to generate siRNAs than non-paired transcripts, and nat-siRNAs are one major siRNA class found in both somatic cells and gonadal tissues (Czech et al., 2008; Ghildiyal et al., 2008) . Most of the nat-siRNAs in Drosophila are generated from the 3'-3' overlapping regions of convergent cis-NATs. These 21-nt nat-siRNAs are processed by DICER2 and loaded into AGO2 with the help of R2D2 to direct silencing (Czech et al., 2008; Ghildiyal et al., 2008; Okamura et al., 2008 Okamura et al., , 2011 . In mouse oocytes, bidirectional and antisense transcription are two major sources of nat-siRNAs. dsRNAs formed in these regions of the mouse genome are processed into 21-nt nat-siRNAs by Dicer and loaded into AGO2 . In addition to the siRNAs that accumulate from cis-NATs loci, siRNAs are also generated from trans-NAT loci from the pairing of sense transcripts from protein-coding genes and antisense transcripts from homologous pseudogenes (Tam et al., 2008) . This study indicated that pseudogenes can also influence the regulation of homologous protein-coding genes through siRNAs. Similarly, siRNA enrichment in genomic regions with bidirectional transcription is also observed in human liver cells (Kawaji et al., 2008) . Many nat-siRNAs were mapped to co-expressing sense and antisense transcripts within synaptic fractions of adult mouse hippocampus. A number of these genes are involved in Alzheimer's disease and/or synaptic signaling pathways (Smalheiser et al., 2011) . nat-siRNAs were also found in the worm Schistosoma japonicum, although they only account for a minor proportion of the whole siRNA profile, and the authors only analyzed trans-nat-siRNAs in their report (Cai et al., 2011) . Worm nat-siRNAs are predominately present in the cercaria life cycle stage where they regulate the expression of diverse genes that contribute to worm development. In the yeasts Saccharomyces catellii and Candida albicans, sense and antisense transcript pairs are one of the major sources of siRNAs (Drinnenberg et al., 2009 ). These dsRNAs can generate DCR1-dependent nat-siRNAs that are loaded into AGO1. A hyperthermophilic archaeon, Sulfolobus solfataricus, also has siRNAs enriched in overlapping transcript regions, and in some loci that produce antisense transcripts (Xu et al., 2012) . Although the archaeal genomes are similar in size to those of bacteria, they encode many proteins with eukaryotic features. This study suggests that nat-siRNA-mediated regulation may be evolutionarily conserved and rather ancient. Taken together, available data support that nat-siRNAs are evolutionarily conserved, functional sRNAs that occur in many eukaryotes and archaea.
NAT-SIRNAS ARE GENERATED IN RESPoNSE To DEVELoPMENTAL AND ENVIRoNMENTAL CuES
While there are many overlapping transcripts in plants, animals, and yeasts, and nat-siRNAs do occur in multiple eukaryotic lineages, nat-siRNAs do not appear constitutively produced in all cells. nat-siRNA-mediated regulation requires the co-expression of both sense and antisense transcripts at the same time and in the same cell. Many nat-siRNAs are likely specific to a tissue or developmental stage, or to an environmental condition. It would not be cost-effective for organisms if this regulatory strategy is 'on' all the time or in all cells. Therefore, it is not surprising that not many nat-siRNAs have been observed in most genome-wide analyses of whole plants under normal conditions. Many nat-siRNAs were detected only in specific tissues or under specific conditions in both plants and animals. In plants, nat-siRNASRO5 is induced by salt stress (Borsani et al., 2005) , nat-siRNAATGB2 only accumulates in response to bacterial pathogen infection (Katiyar-Agarwal et al., 2006) , nat-siRNA from the KPL-ARI14 locus only occurs in sperm (Ron et al., 2010) , and nat-siRNA from the SHO locus cannot accumulate in the root (Zubko and Meyer, 2007) . Genome-wide analysis of nat-siRNAs in Arabidopsis and rice further suggested that the accumulation of many nat-siRNAs is condition-specific (Jin et al., 2008; Zhou et al., 2009; Chen et al., 2010; Lu et al., 2012; Zhang et al., 2012) .
In animals, nat-siRNAs generated from antisense transcripts of Slc34a also display tissue specificity, as they are present only in mouse kidneys and testes ). The sense/ antisense transcripts of this locus are only co-expressed within a very short period of time during embryonic development of zebra fish at 48 h post fertilization (hpf) (Carlile et al., 2008 . Most strikingly, the orientation of the nat-siRNAs from this locus is also developmentally regulated. nat-siRNAs complementary to antisense transcripts were only expressed at 48 hpf, whereas nat-siRNAs complementary to sense transcripts were only detected at 72 hpf (Carlile et al., 2008 Werner et al., 2009) . Similar strand bias is also observed for the Ppp4r1 siRNAs in mouse oocytes . Moreover, many plasticity-related genes that express both sense and antisense transcripts in the mammalian hippocampus, including some genes involved in Alzheimer's disease, schizophrenia, and synaptic signaling pathways, can generate nat-siRNAs in both orientations (Smalheiser et al., 2011) . Several groups who analyzed the accumulation of NATs in various eukaryotic organisms also observed that nat-siRNAs only accumulate under specific circumstances or in specific cells (He et al., 2008; Jin et al., 2008; Faghihi and Wahlestedt, 2009) . Although some of the nat-siRNAs occur at very low levels and are difficult to detect, they may still be functionally important, as they could be concentrated in cis at their generation site and thus may efficiently regulate the expression of transcripts from the same locus. Therefore, 
CHALLENGING ISSuES RELATED To NAT-SIRNAS
Although nat-siRNAs are potentially an important regulatory mechanism in the regulation of NAT genes, studies on nat-siRNAs face several significant challenges. One challenge is their complex biogenesis mechanism that remains to be clearly defined. Recent deep sequencing studies have revealed various patterns of distribution of nat-siRNAs along the NATs Zhang et al., 2012) , which indicated that the biogenesis of nat-siRNAs is very complicated. Most nat-siRNAs in animals are generated within the overlapping regions of transcripts, with a few exceptions that nat-siRNAs are scattered throughout the entire transcript, such as pgant35A in Drosophila (Czech et al., 2008) . Although some plant nat-siRNAs are also found only within the overlapping regions of NAT pairs (19% in Arabidopsis and 29% in rice), the majority of them are distributed beyond the overlapping regions of the NAT transcripts . More than 50% of plant nat-siRNAs exhibit a strand bias , possibly indicating a specific regulatory role of them on one transcript of a NAT pair. Moreover, some nat-siRNAs display a site-specific pattern in which the siRNAs are derived from one or several specific sites within the overlapping transcripts . These different distribution patterns may be the result of distinct mechanisms of nat-siRNA biogenesis. It was proposed that all plant siRNAs are generated from dsRNAs by DCL proteins (Mallory and Vaucheret, 2006; Ruiz-Ferrer and Voinnet, 2009; Ding, 2010; Melnyk et al., 2011) . The biogenesis of nat-siRNAs is not well defined, and it appears very complex and there are important unanswered questions. Based on available data, we speculate that there are at least five possible mechanisms to generate siRNAs from cis-NAT transcripts, depending on how the cis-NAT transcripts pair with each other and the participation of RNA-dependent RNA polymerases.
The most straightforward mechanism is the formation of dsRNAs by direct base-pairing of sense and antisense transcripts. As shown in Figure 1A , under specific conditions, such as in certain developmental stages or specific stress conditions, two transcripts may accumulate to significant levels in the same cell and pair up to form partial dsRNAs. sRNA machinery is then recruited to process the dsRNAs into nat-siRNAs. The nat-siRNAs generated from this mechanism would be restricted to the overlapping region of cis-NATs. Almost all nat-siRNAs from animals and a group of nat-siRNAs from plants are indeed only present in the overlapping regions of the cis-NATs. 19%-29% of the siRNA-generating cis-NATs in plants give rise to siRNAs only in their overlapping regions . Importantly, the majority of siRNA-generating cis-NATs show a clear enrichment within the overlapping regions. The overlapping regions in plant cis-NATs generate over six times more siRNAs than the nonoverlapping regions .
In plants, the distribution of many nat-siRNAs extends beyond the overlapping regions. This may be due to the activities of RDRs, which use the single-stranded regions of NAT transcripts as a template to produce dsRNAs (Katiyar-Agarwal and Jin, 2010) . The function of RDRs in RNA silencing was first reported when studying systemic silencing in plants (Voinnet et al., 1998; Dalmay et al., 2000) . As shown in Figure 1B , primary nat-siRNAs processed by DCL proteins in the overlapping region by the first mechanism may serve as primers for RDRs, which synthesize dsRNAs using single-stranded regions of NAT transcripts as templates. The dsRNAs are processed by DCL proteins and give rise to secondary nat-siRNAs corresponding to either the overlapping region or the regions outside of it. The accumulation of a portion of nat-siRNAs in plants indeed is dependent on the function of RDRs, including RDR2 and RDR6 (Borsani et al., 2005; Katiyar-Agarwal et al., 2006; Zhang et al., 2012) . The small RNAs dependent on RDR2 might extend to and target the promoter region of the sense and/or antisense transcripts and potentially regulate the accumulation of cognate transcripts at the transcriptional level.
Site-specific pattern is another distribution pattern of natsiRNAs, which may be caused by the secondary or higher-order structures of a transcript in the NATs pair. Site-specific patterns of nat-siRNAs were observed in both Arabidopsis and rice . As shown in Figure 1C and Figure 1D , both the sense and antisense strands are independently transcribed, and the pairing of the transcripts may induce the formation of a complex secondary or high-order structure ( Figure 1C ), or the independently transcribed RNAs may form complex secondary structures separately, which would limit the base-pairing regions between the sense and antisense transcripts ( Figure 1D ). RNAs with complex structures may be processed by DCL1 into site-specific nat-siRNAs. It is also possible that more extended dsRNAs are processed by DCL proteins into distributed siRNAs, but only one or a few are specifically selected and protected by AGOs or other RNA binding proteins and the rest of the distributed siRNAs are degraded, therefore resulting in the accumulation of siRNAs at only one or several positions. Just like the accumulation of miRNAs, although miRNA and miRNA* are generated at 1:1 ratio, often only miRNAs are loaded into AGOs and stabilized whereas miRNA*s are degraded.
We cannot rule out another possibility that the production of the siRNAs in the cis-NAT region does not require the pairing of sense and antisense transcripts. One transcript may be sufficient to form secondary structures and be processed by the RNA silencing machinery into siRNAs ( Figure 1E ). These siRNA products would not be genuine nat-siRNAs. These above scenarios did not consider the participation of PolIV, so, if one takes into consideration of PolIV, further complexities of natsiRNA biogenesis are expected. Lastly, for distributed siRNAs that show a strong or even complete strand bias , entirely new and hitherto unknown mechanisms may have to be proposed to account for their biogenesis.
The second significant challenge facing nat-siRNA studies is the very low abundance of nat-siRNAs. Cis-regulation of NATs may not necessitate a high level of the nat-siRNAs, but the very low abundance makes nat-siRNA detection very difficult. Whereas most miRNAs can be detected on Northern blots using as low as a few micrograms of total RNAs, the detection of nat-siRNAs on Northern blots typically require 100 micrograms or more of enriched small RNAs per lane. For example, the first reported nat-siRNA, nat-siRNASRO5, has been very difficult to detect on Northern blots. Nevertheless, as shown in Figure 2 , it could be independently detected using a high amount of enriched small RNAs from NaCltreated Arabidopsis plants. In addition to the ~24-nt band, the oligonucleotide probe also detected an ~50-nt signal which was also NaCl-induced and is possibly an intermediate in the biogenesis of the 24-nt nat-siRNA (Figure 2 ). Some cell-or tissue-specific nat-siRNAs, such as pollen-specific natsiRNAs generated from the KPL-ARI14 locus, were too low to be even detected at all (Ron et al., 2010) .
One might expect that deep sequencing may help detect specific nat-siRNAs. However, for siRNAs that are generated from long dsRNA precursors, such as repeat-associated siRNAs, (A) Under specific conditions, sense and antisense genes are both transcribed by Pol II and accumulate in the same cell at the same time to form dsRNA, which is recognized by sRNA machinery. DCL processes the dsRNA into nat-siRNAs, which are solely derived from the overlapping region of the sense and antisense transcripts. (B) Sense and antisense genes are transcribed by Pol II, and transcripts pair up to form dsRNA, which is processed by DCL to produce nat-siRNAs. These nat-siRNAs recruit RDR and/or Pol IV, which produce dsRNAs using the single-stranded transcripts as templates. The new dsRNAs are processed by DCL into secondary nat-siRNAs that match the overlapping region and regions extending beyond it. (C) Sense and antisense genes are transcribed by Pol II, and transcripts pair up to form a complex secondary structure. DCL recognizes the secondary structure in only one of the transcripts and processes it into site-specific nat-siRNAs that are derived only from one transcript. (D) Sense and antisense genes are transcribed by Pol II and the pairing of the transcripts forms a complex secondary structure that is recognized by DCL and processed into site-specific nat-siRNAs that are derived from both transcripts. (E) Sense and antisense genes are transcribed by Pol II, but the secondary structure formed by one strand is sufficient to recruit DCL to form siRNAs. These siRNAs are solely derived from one transcript and do not require the pairing of the sense and antisense transcripts.
at Technical Services Serials on June 25, 2013 http://mplant.oxfordjournals.org/ Downloaded from nat-siRNAs (especially the distributed class), transgene-derived siRNAs, and virus-derived siRNAs, the positions of their generation are usually not the same, but are rather randomly distributed along the precursors. Even for abundant heterochromatic siRNAs, independent deep sequencing experiments do not usually detect exactly the same siRNAs due to the distributive pattern of the siRNAs. Therefore, when the abundance of an individual siRNA is very low, as in the case of nat-siRNAs, it would be even more difficult for deep sequencing to detect specific sequences every time, due to the many possible sequences that could be generated. One exception to the random siRNA generation positions across the dsRNA precursors is the biogenesis of tasiRNAs, which is initiated by miRNAmediated cleavage that sets the phase of the processing and therefore ensures the specific siRNA generation positions.
Another problem is the potential bias introduced by sRNA library construction for deep sequencing. The cloning bias would lead to discrepancies between small RNA deep sequencing results and results obtained from Northern blot analysis and qPCR. Such discrepancies have been observed in both plant and animal systems (Reddy et al., 2009; Git et al., 2010; Kapranov et al., 2010; Zhang et al., 2011) . Linsen et al. performed sRNA expression profiling using SREK-SOLiD and modban-Solexa deep sequencing methods and qPCR analysis on a sample composed of more than 400 synthetic human miRNAs at equal molarity (Linsen et al., 2009) . They found up to four orders of magnitude of difference between the most and least abundant reads, indicating a strong bias generated by cloning different sRNAs for the deep sequencing. Even single nucleotide differences could influence the sRNA read frequencies. qPCR results from the same set of samples also differed substantially from the read frequencies (Linsen et al., 2009 ).
Several steps within sRNA library preparation for deep sequencing could introduce bias, including: (1) ligation bias caused by the first 5' or 3' nucleotide of the RNA adaptors used in sRNA cloning; (2) possible secondary structure of the sRNA that may reduce or block the ligation; (3) sRNA modification that may reduce or block the ligation; and (4) the last PCR amplification step may enlarge the amount difference of sRNAs. The bias of RNA ligase was already confirmed and extensively studied (Hafner et al., 2011) . Therefore, small RNA Northern blot analysis, when possible, remains more trustworthy compared to deep sequencing and other cloning-based methods.
NEW TECHNoLoGIES FoR DETECTING NATS
Even an accurate annotation of cis-NATs in the best-studied model plant, Arabidopsis thaliana, remains a challenge. Genome-wide cDNA sequencing, tiling arrays, direct RNA sequencing, and various other technologies have been used to identify cis-NATs in eukaryotes. Because antisense transcripts usually accumulate to relatively low levels compared to the sense transcripts, sometimes it is difficult to detect them (Wang et al., 2005; Werner et al., 2007) . Moreover, the expression of antisense transcripts often appears to be developmental stage-and stress-condition-specific; therefore, whole-genome analysis under limited conditions cannot detect all cis-NATs (Wang et al., 2005; Sun et al., 2006; He et al., 2008; Mercer et al., 2008; Okada et al., 2008) .
A recent study used Helicos direct RNA sequencing (DRS) to identify polyadenylated 3' UTRs (Sherstnev et al., 2012) . Using a surface coated with poly (dT), RNAs with 3' polyA tail are captured and locked on the surface. A modified DNAdependent DNA polymerase then adds the corresponding fluorescent nucleotide analog to the end of poly(dT) by basepairing with the RNA it anchored. The sequencing of the RNA is finally obtained by fluorescence reading. Therefore, the DRS is achieved by synthesis with DNA-dependent DNA polymerase and anchored poly(dT), instead of indirectly sequencing cDNAs synthesized with poly(dT) and reverse transcriptase (Ozsolak et al., 2009 ). The authors asserted that the DRS method was 'sensitive with no bias' and that one-third of Arabidopsis genes in the TAIR database needed re-annotation based on their data. The study also claimed to have discovered many discrepancies in several published papers. The authors stated that the previous discoveries of non-templated base addition between cleavage sites and the poly (A) tail (Jin and Bian, 2004) and a large class of mRNAs that are cleaved in coding-exons (Meyers et al., 2004; Wu et al., 2011) were all artifacts from reverse transcriptasedependent library construction or internal priming on A-rich sequences, respectively. They also stated that many previously identified protein-coding exosome targets (Chekanova et al., 2007) were artifacts from the combined use of reverse transcriptase and tiling arrays. This DRS study detected antisense transcription at only 3213 protein-coding genes, which is significantly fewer than what were found in the previous studies that identified antisense transcripts at 7600 and 12 090 genes (Yamada et al., 2003; Stolc et al., 2005) . The authors suggested that this discrepancy was also partially due to the artifacts of reverse transcriptase and tiling arrays. Moreover, their results indicated that the transcripts of At5g62520/At5g62530 and At4g35850/At4g35860 do not have sufficient overlap to produce the reported nat-siRNAs (Borsani et al., 2005; Katiyar-Agarwal et al., 2006) .
To confirm the extent of overlap of the antisense transcripts, we used RT-PCR to amplify the transcript of At4g35850 using a forward primer before the last intron and several reverse primers downstream of the nat-siRNAATGB2 generation site. We detected RT-PCR products that extended 175 base pairs (bp) downstream of the nat-siRNAATGB2 site ( Figure 3A and 3B) , and the fragments were confirmed by sequencing, showing that the last intron was correctly spliced (Genbank No. JX893016). Similarly, a long transcript of the SRO5 gene (At5g62520) was detected by 3' RACE and confirmed by sequencing ( Figure 3C and 3D) (GenBank No. JQ513374). According to the DRS study, the At5g62520/ At5g62530 pair does not have enough overlap such that the P5CDH (At5g62530) 3' probe used previously (Borsani et al., 2005) would detect only SRO5 but not P5CDH itself. As shown in Figure 4 , independent experiments found that, under salt stress conditions, SRO5 gene induction ( Figure 4A ) is concomitant with P5CDH (At5g62530) gene repression ( Figure 4B ), as reported previously (Borsani et al., 2005) . Importantly, both SRO5 and P5CDH can be detected by a probe that corresponds to the last 189 bp of P5CDH 3' UTR ( Figure 4C ). These results strongly support that the At5g62520/At5g62530 and At4g35850/At4g35860 NATs pairs do overlap as previously reported. In addition to detecting the P5CDH (#3 band) and SRO5 (#4 band) bands, the short probe also detected several other signals that were either repressed (#1, #2, and #6 bands) or induced (#5 and #7 bands) ( Figure 4C ), which suggests a great complexity of transcripts from this region that has not been recognized thus far and is worthy of further investigation.
As DRS is a new technology that was performed only by Helicos and cannot be repeated by others, it is important that results in the Sherstnev et al. (2012) paper be validated by other means, especially when the paper claimed that more than 10 000 Arabidopsis genes need re-annotation and when many discrepancies were found. However, the authors only validated two transcripts by RT-PCR and 3' RACE, and the RT-PCR primers they used did not cross introns and the reverse primers for 3' RACE were incorrect. To further assess the quality and validity of this DRS data, we performed a comprehensive analysis of the DRS data set. We first examined the quality of the sequences. Using the sequence reads provided by the authors and the designated mapping software (Helisphere with the same parameters used in Sherstnev et al. (2012) ), we were able to obtain only a fraction of the aligned reads claimed in the paper. To circumvent this problem, we instead started the analysis from the alignment files containing the details of 10 010 119 reads that were mapped to the TAIR10 genome, also provided by the authors. We took out the original RNA-Seq sequences and remapped the reads using Bowtie (Langmead et al., 2009) , allowing up to three mismatches and no gaps. We were able to map 4 102 144 (41%) reads, among which only 1 366 779 (14%) reads had a perfect match and only 3 680 651 (37%) reads were mapped to a unique position in the genome. To ascertain that the large difference in these statistics compared to the ones in Sherstnev et al. (2012) were not solely caused by different mapping tools or parameters, we also mapped the original sequences using BWA (Li and Durbin, 2010) with two sets of parameters. With the default BWA parameters, namely (1) the fraction of missing alignments (given 2% uniform base error rate) was 0.04; (2) the maximum number or fraction of gap openings was 1; (3) long gaps were disabled; (4) indels within 5 bp towards the ends were disabled; (5) the maximum occurrences for extending a long deletion was 10; (6) the seed length was 32; and (7) the maximum number of differences in the seed was two. BWA mapped only 5 406 447 reads (54%) among which 5 173 080 (52%) were uniquely mapped. In the second set of parameters for BWA, we tried to emulate the parameters used by the authors for the Helisphere software: (1) the fraction of missing alignments was 0.07; (2) the maximum number or fraction of gap openings was 10; (3) long gaps were allowed; (4) indels towards the ends were allowed; (5) the maximum occurrence for extending a long deletion was 12; (6) the seed length was 32; and (7) the maximum number of differences in the seed was five. Even with these very relaxed parameters, we were able to map only 7 515 698 reads (75%) among which 6 964 455 reads (70%) were mapped uniquely.
We also analyzed the original alignments produced by the authors. Since the Helisphere software allows gaps when it searches for optimal mapping position(s), we counted a gap in the alignment as a mismatch when we evaluated the alignment quality. Among the 10 010 119 reads mapped by the Helisphere software, we found that 13.6%, 23.5%, 23.9%, 18.9%, 11.8%, and 8.4% of the reads were mapped with 0, 1, 2, 3, 4, and ≥5 mismatches or gaps, respectively. On average, there were 2.2 mismatches per alignment. These results taken together clearly indicate that the majority of the original sequence reads have a high rate of sequencing errors (in particular, indels), and thus they are of poor quality. The high error rate is an inherent problem of the Helicos DRS technology, with a typical raw base error of 4% (including 2%-3% deletions, 1%-2% insertions, and 0.1%-0.3% substitutions) (Ozsolak et al., 2009) .
We next examined the raw read coverage at the TAIR10-annotated 3' end and the proposed 3' end for each of the 10 380 genes that were redefined by Sherstnev et al. (2012) . Using the original alignments generated by the authors, we calculated the number of raw reads that cover each position on the positive and negative strands of the nuclear chromosomes, and we then extracted the raw coverage on the TAIR 10-annotated 3' end and the authors-proposed 3' end of each gene (Supplemental Table 1 ). We looked at the raw coverage on each proposed 3' end and found that 50% of the proposed 3' ends were covered by four or fewer reads and 928 (9%) of which were covered by no mapped reads. Considering that the authors used a smoothing algorithm for peak coverage detection, we also searched the maximum coverage within 2 bp of the proposed 3' ends and found that 35% of the proposed ends had maximum coverage of four or fewer reads and 263 (2.5%) have zero maximum coverage within the 2-bp window (Supplemental Table 1 ). This indicates that many of their proposed 3' ends were not well supported by the data. Compared to the raw coverage at the authors-proposed 3' end, for 90% of the listed 10 380 genes, the raw coverage at the TAIR10-annotated 3' end is greater. Specifically, 4.5%, 24.8%, 41.1%, and 69.4% of the genes have 50, 10, 5, and 2 times as many mapped reads at the TAIR10 annotated 3' end, respectively. These numbers were 6.5%, 27.3%, 44%, and 70% if maximum coverage within the 2-bp window of the TAIR10 annotated and the Sherstnev et al. (2012) proposed ends were used. This suggests that, even if it could be established that the Sherstnev et al. (2012) proposed 3' ends were real, they most likely resulted from alternative polyadenylation and represented a minor form of low frequency. Furthermore, we examined the minimum coverage between each pair of at Technical Services Serials on June 25, 2013 http://mplant.oxfordjournals.org/ TAIR10-annotated and the Sherstnev et al. (2012) proposed 3' ends and found that, for 881 (8.5%) genes, the minimum coverage between two ends is zero. Because it is rare to have an intron from such a short distance from the 3' end, without continuous coverage, it is not possible to determine whether the expressed sequences at the proposed 3' end came from mRNAs of the corresponding gene, different neighboring genes, unannotated RNAs, or random noise.
We also compared the DRS study with a recent study using strand-specific RNA-Seq technology to define the 3' end formation of RNA transcripts in Arabidopsis. We started with the strand-specific RNA-Seq data that were generated from five libraries from wild-type Arabidopsis seedlings (Kurihara et al., 2012) . We mapped the RNA-Seq reads to the TAIR10 reference genome using the Tophat software (Trapnell et al., 2009 ) and obtained the raw read depth on each position of the two strands of DNA. From the annotated 3' end of each gene, we extended the end if the next downstream position was covered by at least five (or two) raw reads. As shown in Supplemental Table 1 , when a contiguous coverage of five raw reads was required, we were able to extend the 3' end of 3020 genes, among which 1118 genes were not extended by the DRS study and 804 genes were extended to a longer length than the DRS study (Supplemental Table 2 ). When a contiguous coverage of two raw reads was required, these numbers were 6395, 2525, and 2238, respectively (Supplemental Table 3 ). These results indicate that the DRS method is not as sensitive as the authors claimed, and many 3' ends of genes easily detected by other methods were missing from the DRS data set. Experimental validation is clearly necessary to validate the results from new technologies. In-depth functional analysis will help further understand the expression and regulation of NATs and NATs-derived siRNAs.
PERSPECTIVES
Most genome-wide studies have shown that large percentages of genomes have antisense transcription, and that the expression of antisense transcripts is tightly regulated (Chen et al., 2005; Jin et al., 2008; Werner et al., 2009) . Antisense transcripts have biological functions, and most of them do not appear to be transcriptional noise. The base-pairing between sense and antisense transcripts forms dsRNAs, which can be processed into nat-siRNAs. However, the complex secondary structures of independently transcribed sense and antisense transcripts plus the involvement of RDRs and PolIV highly complicate the biogenesis mechanisms of nat-siRNAs. Nat-siRNA-mediated silencing is one of the regulatory mechanisms for controlling the expression of NATs, although the detection of nat-siRNAs is often very challenging due to their low abundances. More advanced sequencing technologies and improved small RNA detection techniques will highly benefit studies of cis-NATs and nat-siRNAs. 
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